A B S T R A C T It has been suggested that hypothyroidism may alter the responsiveness of the heart to sympathetic stimulation. To define more precisely the interrelationship between hypothyroidism and catecholamine responsiveness we: (a) studied the effects of norepinephrine and fluoride on the activation of adenyl cyclase in the particulate fraction of heart homogenates from euthyroid and hypothyroid cats; and (b) assessed the contractile response of isolated right ventricular papillary muscles from the same cats to increasing concentrations of norepinephrine. It was found that maximal accumulation of cyclic 3',5'-adenosine monophosphate (3',5'-AMP) was significantly lower at peak norepinephrine concentrations in the hypothyroid (284 ±5 pmoles) than in the euthyroid group (326 ±10 pmoles) (P < 0.02). However, the Km for norepinephrine was similar in both groups (1-2 X 10' moles/liter), and there was no apparent change in the threshold concentration. Fluoride-mediated increases in Cyclic 3',5'-AMP accumulation were also significantly lower in the hypothyroid (585 +25 pmoles) as compared to the euthyroid group (790 ±20 pmoles) (P < 0.02). In contrast, norepinephrine produced a similar augmentation of contractility in isolated papillary muscles from the hypothyroid and euthyroid cats. It thus appears that although the hypothyroid state is associated with a decrease in the total amount of myocardial adenyl cyclase per milligram of tissue capable of being activated by norepinephrine or fluoride, there is no change in the sensitivity of the enzyme to norepinephrine stimulation. Moreover, the finding that the inotropic response to norepinephrine is unaltered in hypothyroidism is compatible with the hypothesis that only a fraction of the total intracellular cyclic 3',5'-AMP produced by norepinephrine activation of adenyl cyclase is required to elicit the inotropic response.
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INTRODUCTION
The effects of thyroid hormone excess and deficiency on the sensitivity of the heart to catecholamine stimulation have been the subject of considerable study. Recent investigations have demonstrated that hyperthyroidism does not alter the responsiveness of the heart to the physiologic effects of sympathetic stimulation (1) (2) (3) (4) , nor does it alter the sensitivity of myocardial adenyl cyclase to norepinephrine stimulation (4) . This latter finding is of importance since the physiologic effects of the catecholamines on the heart are believed to be mediated by an increase in intracellular levels of cyclic 3',5'-AMP resulting from activation of adenyl cyclase (5) .
Although the activity of myocardial adenyl cyclase in hypothyroidism is unknown, Krishna, Hynie, and Brodie demonstrated a decreased amount of adenyl cyclase in adipose tissue from hypothyroid rats (6), a change associated with a diminished responsiveness of adipose tissue to the lipolytic effects of norepinephrine. The data from early studies on the effects of hypothyroidism on the heart also suggested that sensitivity to the physiologic effects of sympathetic stimulation was depressed (7) (8) (9) . However, these studies generally lacked adequate control groups and statistical analysis. More recent studies have demonstrated that catecholamine responsiveness of the heart was not altered by hypothyroidism (2, 3, (10) (11) (12) .
To define the interrelationship between cardiac catecholamine sensitivity and the hypothyroid state, we studied the effects of norepinephrine and fluoride on the activation of adenyl cyclase in the particulate fraction of heart homogenates from euthyroid and hypothyroid cats and correlated these data with the effects of norepinephrine on the contractile properties of isolated papillary muscles from the same cats. 3',5'-AMP-"P and cyclic 3',5'-AMP-'H, which were in the supernatant, were then counted in a liquid scintillation spectrometer.
METHODS
For the determination of phosphodiesterase activity, cyclic 3',5'-AMP-'H (200 pmoles) was added to each reaction mixture. Incubation conditions were identical with those noted above except that theophylline, ATP-"P, and norepinephrine were omitted. Cyclic 3'5'-AMP was present at 1 X 10' mole/liter. After boiling, the precipitate was removed by centrifugation; the supernatant was mixed with 3.4 ml of water followed by 0.2 ml of 0.15 M Ba(OH), and 0.2 ml of 0.17 M ZnSO4. After centrifugation, 3 ml of the supernatant was added to 17 ml of Bray's solution and the radioactivity measured in a liquid scintillation spectrometer.
Papillary muscle preparation. Right ventricular papillary muscles were studied from 12 euthyroid cats and nine cats with induced hypothyroidism. The muscles were placed in a myograph previously described in detail (15) . The bathing medium for all muscles was a modified Kreb's bicarbonate solution actively aerated with 95% 02 and 5% CO at a constant temperature of 260C. Each muscle was allowed to equilibrate for 60 min contracting isometrically at a frequency of 12/min. The length-active tension curve was determined for each muscle, and the muscle was subsequently maintained at the apex of this curve, Lmax. After an additional 30-60 min equilibration period to insure stability, the responsiveness of each muscle to increasing concentrations of L-norepinephrine (10' to 10' mole/liter) was then determined at 5-min intervals, without washout between additions of the catecholamine. Isometric contractile function was measured during the control period and after each addition of norepinephrine. Tension was corrected for cross-sectional area and expressed in grams per square millimeter. Mean cross-sectional area of the muscles from the euthyroid cats (0.84 ±0.10 mm') was somewhat greater than that of the hypothyroid group (0.71 ±0.08 mm'), but this difference was not statistically significant.
Results are expressed as the mean 5sEM. Statistical tests of significance were performed utilizing Student's t test for paired and unpaired data where applicable.
RESULTS
Characterization of thyroid state. Thyroid ablation with "'I resulted in a marked lowering of serum protein-bound iodine in all treated cats. Protein-bound iodine levels were 4.7 +0.3 Ag/100 ml before 'I treatment compared to 1.8 ±0.3 l.g/100 ml (P < 0.01) at the time of sacrifice. 24-hr 'I uptake studies performed in six of the treated animals 90 days after administration of 1 Ac/kg 'I demonstrated an average uptake of 2.3 4-0.9% compared to an uptake of 30.1 ±7.7% in three euthyroid cats (P < 0.01). Serum thyroxine levels measured by column chromatography were significantly lower in the hypothyroid cats, 0.6 ±0.1 /Ag/100 ml, than in the euthyroid animals, 3.0 ±0.5 isg/100 ml (P < 0.01). No thyroid gland tissue could be identified at postmortem examination in any of the mIstreated cats, although thyroid tissue was easily identified in the euthyroid animals. Average body weight was greater in the hypothyroid animals, 3.10 ±0.15 kg, than in the euthyroid group, 2.62 ±0.09 kg (P <0.01). However, ventricular weight was similar in the two groups (euthyroid 6.68 ±0.33 g; hypothyroid 6.44 ±0.36 g, NS). Thus, the ventricular weight (g)/body weight (kg) ratio was less in the hypothyroid cats, 2.07, than in the euthyroid animals, 2.52.
Effects of increasing doses of norepinephrine on adenyl cyclase activity. There was no difference between the control values of adenyl cyclase activity measured in tissue obtained from euthyroid and hypothyroid animals.
Activation of adenyl cyclase produced by norepinephrine was concentration related; however, accumulation of cyclic 3',5'-AMP was significantly lower in the hypothyroid compared to the euthyroid group at each point on the dose-response curve (Fig. 1 ). In addition, the peak levels of cyclic 3',5'-AMP accumulation that could be achieved were also significantly lower in the hypothyroid group, 284 ±5 pmoles, than in the euthyroid, 326 ±10 pmoles (P < 0.02). The estimated Km for norepinephrine was similar in the two groups, 1 X 10' mole/liter in the euthyroid and 2 X 10' mole/liter in the hypothyroid.
Effects of fluoride on adenyl cyclase activity. Fluoride activates adenyl cyclase to a level thought to represent total adenyl cyclase activity (16) . Activation of adenyl cyclase by fluoride was found to be maximal over a concentration range of 4-10 mmoles/liter in both the euthyroid and hypothyroid groups. However, activation of adenyl cyclase by 8 mm fluoride in the particulate preparations (Fig. 2) and in crude homogenates from the hypothyroid cats was significantly less than in the euthyroid.
Norepinephrine activation of adenyl cyclase as a function of time. Activation of adenyl cyclase by norepinephrine as a function of time was unaltered by the hypothyroid state with maximal activation in this system occurring at 5 min in both groups (Fig. 3) . However, throughout the time course of incubation total cyclic 3',5'-AMP production was less in the hypothyroid group as compared with the euthyroid.
Phosphodiesterase activity. Phosphodiesterase catalyzes the degradation of cyclic 3',5'-AMP to 5'-AMP. Therefore, an increase in the activity of this enzyme could account for the decreased accumulation of cyclic 3',5'-AMP in hearts from hypothyroid animals. However, phosphodiesterase activity in hypothyroidism was unaltered from the euthyroid both in the particulate preparations and in the original crude cat heart homogenates ( Table I) in those from hypothyroid animals. No significant difference in time-to-peak tension was found between the two groups (euthyroid 601 ±23 msec; hypothyroid 611 ± 13 msec). Thus, the isometric contractile function of the heart in hypothyroidism is depressed from normal and is characterized by a decrease in both the rate and magnitude of tension development.
The contractile response of papillary muscles from nine hypothyroid and 12 euthyroid cats after exposure to concentrations of norepinephrine ranging from 10" to 10' mole/liter is shown in Fig. 4 DISCUSSION Catecholamines are thought to exert their positive inotropic effects by increasing the intracellular level of cyclic 3',5'-AMP through activation of myocardial adenyl cyclase. This hypothesis is supported by the following observations: (a) the relative potencies of a series of catecholamines in stimulating adenyl cyclase in broken-cell preparations from dog heart are similar to their relative potencies as inotropic agents in vivo, and both these effects are prevented by beta-receptor blockade (17); (b) tissue levels of cyclic 3',5'-AMP in intact heart muscle increase in response to catecholamine stimulation (18) (19) (20) (21) ; and (c) the exogenous administration of dibutyryl cyclic 3',5'-AMP causes a positive inotropic response in cat papillary muscle. ' The results of this investigation demonstrate that the activity of myocardial adenyl cyclase is altered by hypothyroidism. Accumulation of cyclic 3',5'-AMP was significantly lower at maximal norepinephrine concenSkelton, C. L., G. S. Levey, and S. E. Epstein. Positive inotropic effects of dibutyryl cyclic AMP. Submitted for publication. the sensitivity of myocardial adenyl cyclase to norepinephrine was unaltered by hypothyroidism, although the total activity of enzyme per milligram tissue was decreased. Moreover, activation of adenyl cyclase by a concentration of fluoride producing a maximal effect in tissue from both euthyroid and hypothyroid cats was also markedly decreased in the preparations from the hypothyroid group. This finding is also consistent with the hypothesis that the total activity of adenyl cyclase per unit of myocardial tissue is depressed in hypothyroidism, since fluoride is believed to be capable of maximally activating this enzyme (16) .
The differences in the responses of adenyl cyclase to norepinephrine found in the particulate preparations were also observed in the original crude homogenates. It is thus unlikely that the depression in enzyme activity is merely due to a hypothyroid-induced alteration in the sedimentation characteristics of the cellular membranes. In addition, the time course of each reaction was linear for 5 min at which point maximal activation of adenyl cyclase occurred in both the euthyroid and hypothyroid groups. The accumulation of cyclic 3',5'-AMP was lower in the hypothyroid preparation at every point on the time curve. Therefore, the diminished response of adenyl cyclase to norepinephrine and fluoride observed during the standard 3 min incubation could not have been due to changes in the time required for maximal activation of the enzyme.
Since phosphodiesterase catalyzes the degradation of cyclic 3',5'-AMP to 5'-AMP, an increase in phosphodiesterase activity could have been responsible for the diminished accumulation of cyclic 3',5'-AMP. However, assay of phosphodiesterase activity in both the crude homogenate and particulate preparations disclosed no differences between the euthyroid and hypothyroid tissues. These results demonstrate that in contrast to the hyperthyroid state in which no alteration in the characteristics of myocardial adenyl cyclase was found (4), hypothyroidism causes a decrease in the peak response of myocardial adenyl cyclase to norepinephrine and fluoride stimulation, a change most likely resulting from a reduction in the total amount of enzyme per milligram of tissue.
On the basis of these findings it might have been expected that the cardiac effects of the catecholamines would be diminished in hypothyroidism. Indeed, several early studies suggested that hypothyroidism does reduce the responsiveness of the heart to catecholamine stimulation (7) (8) (9) . Recent reports, however, have failed to confirm these findings. Margolius and Gaffney found similar inotropic and chronotropic responses to exogenously administered norepinephrine and to several frequencies of cardiac sympathetic nerve stimulation in euthyroid and hypothyroid dogs (2) . In addition, investigations by Benforado and Wiggins on the chronotropic effects of norepinephrine on isolated atria from euthyroid and hypothyroid dogs (10) , by Leak and Lew on cardiac responses to graded doses of intravenous epinephrine in hypothyroid patients before and after treatment with thyroid hormone (11) , and by Wurtman, Kopin, and Axelrod on the effects of epinephrine on mean blood pressure responses in euthyroid and hypothyroid rats (12) , all demonstrated that the cardiovascular system in hypothyroidism responded in a normal manner to catecholamines. Most recently, Buccino and coworkers examined the inotropic effects of norepinephrine on isolated right ventricular papillary muscles from euthyroid and hypothyroid cats (3). These investigators found that the muscles obtained from hypothyroid cats did not exhibit any decreased responsiveness to norepinephrine. The results in the present study using a similar papillary muscle preparation confirm the previous findings.
It is of interest that in the present study the papillary muscles that exhibited a normal inotropic response to norepinephrine were obtained from the same hearts in which a decreased responsiveness of adenyl cyclase to norepinephrine stimulation was demonstrated. Relevant to these findings is the study of Grahame-Smith, Butcher, Ney, and Sutherland (22) which demonstrated that in the adrenal gland maximal steroidogenesis was produced by a dose of adrenocorticotropic hormone (ACTH) that produced only a fraction (< 1%) of the total intracellular cyclic 3',5'-AMP that could be produced by higher doses of ACTH. Although a true plateau in the concentration-response curve to norepinephrine could not be attained because of the appearance of spontaneous contractions at concentrations greater than 10' mole/liter, it would appear that the amount of adenyl cyclase capable of being activated by norepinephrine in the heart is in excess of that needed to elicit the maximal attainable inotropic response.
It should be noted that the threshold concentration of norepinephrine that activates adenyl cyclase in the particulate heart preparations is several orders of magnitude greater than that required to elicit an inotropic response in the isolated papillary muscle. This decreased sensitivity of adenyl cyclase has been observed previously by other workers in both cardiac (17) and other tissues (23, 24) . The explanation for this finding is unclear.
In summary, the results of this investigation demonstrate that hypothyroidism, experimentally induced in cats, is associated with a decrease in the total activity of myocardial adenyl cyclase per milligram of tissue. The sensitivity of this enzyme to norepinephrine stimulation appears to be unaltered. Despite the decrease in total cardiac adenyl cyclase, isolated papillary muscles from hypothyroid cats respond normally to norepinephrine. These data are compatible with the hypothesis that only a portion of the cyclic 3',5'-AMP produced by activation of adenyl cyclase by a given concentration of norepinephrine is needed to elicit the physiologic response.
